The structure of the cubic-ZrO 2 symmetrical tilt ⌺5 (310)/ [001] grain boundary is examined using density functional theory within the local density and pseudopotential approximations. Several pristine stoichiometric grain-boundary structures are investigated and compared with Z-contrast scanning transmission electron microscopy and electron energy loss spectroscopy results. The lowest-energy grain-boundary structure is found to agree well with the experimental data. When Y 3؉ is substituted for Zr 4؉ at various sites in the lowest-energy grain-boundary structure, the calculations indicate that Y 3؉ segregation to the grain boundary is energetically preferred to bulk doping, in agreement with experimental results.
I. Introduction

I
T IS well know that the addition of dopants such as Y 2 O 3 allows the cubic polymorph of ZrO 2 to be retained down to room temperature; 1,2 however, the mechanism by which the stabilization is achieved is not well understood. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Consequently, ZrO 2 polymorphs, and yttria-stabilized-zirconia (YSZ), in particular, have been the subject of several experimental [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and theoretical [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] studies. YSZ is a fast ion-conducting ceramic that is used in a number of applications, such as the electrolyte in oxygen gas separators and solid fuel cells. 36 Improvements in YSZ conductivity have been achieved over the last decade by reducing the number of impurities, the size distribution of the starting powders, and the amount of insulating phases formed at the grain boundaries during sintering. 37 Even in materials free from grain-boundary interphases, segregation of solute ions to the grain boundary is found to increase the grain-boundary resistivity. 38 Much attention has been focused, therefore, on the structure and properties of the grain boundaries in YSZ.
Recently, Dickey et al. 39 used Z-contrast scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) to study the atomic structure and chemistry of the YSZ ⌺5 (310)/[001] symmetric tilt grain boundary. Cation column positions were obtained directly from the Z-contrast images within an experimental accuracy of ϳ0.02 nm. The EELS data indicated that the oxygen coordination at the grain boundary is similar to its coordination in bulk YSZ, with O 2Ϫ ions residing in distorted tetrahedral sites in the grain boundary. Finally, Y 3ϩ was shown to segregate to the ⌺5 grain boundary, in agreement with previous experimental studies on cubic 38, 40, 41 and tetragonal 42, 43 YSZ. The spatial distribution of the segregation layer was confined to an area within 1 nm of the boundary plane. An atomic model of the grain boundary, consistent with the experimental data, was proposed, which serves as the basis for the current theoretical investigations. Fisher and Matsubara 44, 45 have previously studied the ⌺5 (310) YSZ grain boundary using molecular dynamics simulations with empirical potentials. The pure grain-boundary structures were studied at 1273-2673 K. The atomic model of the grain boundary was constructed by joining two (310) surfaces and removing redundant atoms. Relaxation of this structure introduced Schottky defects, both next to and along the grain boundary, resulting in partially filled cation and anion columns. The relaxed grain-boundary energy was calculated to be 0. 17 
II. Computational Details
The computational approach is density functional theory using the local density approximation (LDA) combined with nonlocal, norm-conserving pseudopotentials, and plane wave expansions in the CASTEP (CAmbridge Sequential Total Energy Package) program. 46, 47 The calculations use the band-byband conjugate gradient technique to minimize the total energy with respect to plane wave coefficients. Pseudopotentials of the Kleinman-Bylander [48] [49] [50] representation are generated in real space using a well-established optimization scheme. for p. The core radius is 2.9 a.u. for s, 2.8 a.u. for p, and 2.5 for d. Brillouin-zone sampling is done using the lowest-order set of k-points 52 and the plane-wave cutoff is 600 eV. The atoms in the unit cell are allowed to relax from their initial positions to lower the energy of the system, and the forces on the individual atoms, using the Broyden-Fletcher-Goldfarb-Shanno Hessian update method. 53 The energy per unit cell is converged to 0.00005 eV/atom and the residual forces to 0.1 eV/Å.
The effect of different energy cutoffs is tested on a bulk ZrO 2 unit cell. 31 show that GGA must be used to obtain the correct energy differences between the various polymorphs of ZrO 2 , as it is well known that the LDA approach underestimates structural transition pressures. 55 Because this work focuses on various model grain-boundary structures in cubic ZrO 2 , the LDA approach is taken as it is less computationally expensive than GGA. In our calculations, the LDA results from cutoff energies Ͻ1000 eV are very similar to the GGA results at 600 eV, and the difference in energy between the different cutoffs is Ͻ0.5%. The calculated values in Table I 56 The approach taken here is almost identical to that used by Christensen and Carter 29 in their study of the relaxation of ZrO 2 surfaces. Their study shows that the pseudopotentials used here correctly capture charge transfer in ZrO 2 but overstabilize the cubic phase of pure ZrO 2 relative to the monoclinic and tetragonal phases. As this study focuses only on cubic-ZrO 2 , this overstabilization of one phase relative to the others should not have a significant effect on the results.
III. Model Development
The grain-boundary models used here are constructed from pure cubic ZrO 2 unit cells, which are metastable. In Christensen and Carter's study, 29 the surface energy anisotropy was an important key to the detailed understanding of the depression of the tetragonal-monoclinic phase transition temperature in small particles, where surface energetics can dominate bulk stability preferences. Because of the orientational relation between tetragonal and monoclinic phases, stable tetragonal surfaces are forced to transform into less stable monoclinic surfaces, effectively corresponding to a higher surface energy of the monoclinic surfaces. However, in this study the cubic ZrO 2 is in a fully three-dimensional, periodic supercell structure and does not have the ability to transform into a more stable phase.
The Z-contrast STEM imaging technique used in Dickey et al. 39 directly reveals the projected cation sublattices constituting the interface. However, the positions of the anions are not shown explicitly and the only information available about them, from the EELS data, indicates they are in bulk-like positions. Therefore, the average cation coordinates taken from the experimental Z-contrast STEM images are used as the basis for the theoretical models used in this study. However, as discussed by Dickey et al., 39 there is some uncertainty about the positions of the cations within the grain boundary that could be a result of the introduction of Schottky defects at the boundary. Therefore, one of the models has all the cation and anion columns completely filled, whereas the others have varying arrangements of half-filled cation and anion columns or have combined two columns into one, as discussed later. The oxygen positions are chosen so that they are in environments as close as possible to that of bulk ZrO 2 (tetrahedral coordination).
Similar studies of SrTiO 3 grain boundaries find that the lowest energy structures are not stoichiometric. 57 There are indications that the YSZ grain boundaries are positively charged, 57, 58 which is further evidence that nonstoichiometric defects are present. However, in this work, stoichiometry is maintained in the grain-boundary models for simplicity, as is done by Dickey et al. 39 and Fisher and Matsubara. 44, 45 No rigid body translations such as have been examined in other similar grain-boundary systems 60 are considered in this study because none were observed experimentally. The dimensions of the supercell are set to the case of zero volume expansion normal to the interface, and the atoms are allowed to relax as the dimensions of the supercell remain fixed.
Five initial structures of the pure (310)/[001] ZrO 2 grain boundary are selected for computational studies and are shown in Fig. 1 . Every grain-boundary supercell contains two grain boundaries aligned in opposite directions to one another and separated by several Angstroms of bulklike ZrO 2 lattice. In model 1, the grain boundary is constructed in the simplest way by bringing together two (310) surfaces to form the grain boundary and removing the duplicated atoms that overlap one another. This is the coincident site lattice (CSL) model 61 and is the same structure as that considered by Fisher and Matsubara. 44, 45 The obvious problem with this model is that some of the adjacent columns in the grain-boundary core are unrealistically close (the distance between the two closest Zr 4ϩ columns is 1.64 Å, whereas, the bulk spacing between Zr 4ϩ ions is 3.61 Å).
To alleviate the cation crowding in the grain-boundary core, in model 2 two Zr 4ϩ columns and two O 2Ϫ columns at the grain boundary are half filled, which is equivalent to introducing Schottky defects into the structure as observed in the relaxed structure of Fisher and Matsurbara. 44, 45 In model 3, different O 2Ϫ columns, which are closest to the half-filled Zr 4ϩ columns, are half filled for evaluation of defect association. In model 4, model 3 is modified by combining the two half-filled Zr 4ϩ columns to form a single Zr 4ϩ column, as is done by Dickey et al. 39 Similarly, model 5 is constructed by combining the two half-filled Zr 4ϩ columns from model 2. Note that models 4 and 5 are the two that are consistent with the experimental Z-contrast data and are, therefore, predicted to be the lowest energy structures.
To study the effect of grain-boundary/grain-boundary interactions that arise from the periodic boundary conditions, we calculate the energy of the grain boundaries as a function of the separation between them. Figure 2 shows these results for model 2. The figure indicates that the grain-boundary energy increases as the distance between the two grain boundaries increases, which indicates that there is a significant interaction between the grain boundaries that lowers the grain-boundary energy. Therefore, it is necessary to take into account this effect when calculating the grain-boundary energy. Figure 2 also shows that the effect is most significant for separations smaller than 10.43 Å. The need for an adequate separation between the grain boundaries is balanced with the need for a reasonable supercell size to decrease the computational effort involved in the calculations. Therefore, a supercell is used where the separation between the grain boundaries is 10.43 Å, which corresponds to position B in Fig. 2 .
IV. Results and Discussion
(1) Pure ⌺5 (310)/[001] ZrO 2 Grain Boundaries
To select grain-boundary models for further in-depth investigation, we first calculate the energies of the grain boundaries without atomic relaxation. The grain-boundary energies are obtained from the following equation:
where E tot is the total energy per grain-boundary supercell, E Bulk is the ZrO 2 bulk energy per formula unit, n is the number of ZrO 2 units in the supercell, and A is the area of the grain-boundary plane in the supercell (the supercell contains two grain boundaries). The results for the five grain-boundary models considered in this study are summarized in Table II. The calculations indicate that model 1 has the highest grain-boundary energy. Overall, model 2 and model 5, which have the same O 2Ϫ anion structure, have the lowest grainboundary energies. The difference between these two structures is that the Zr 4ϩ cation positions at the core of the boundary have different arrangements. Model 2 has two half-filed Zr 4ϩ columns, whereas model 5 combines these two into a single Zr 4ϩ column located midway between the positions of the original two columns. When the atoms in these two structures are allowed to relax, they produce almost the same relaxed geometry, shown in Fig. 3 . The grain-boundary energies calculated from both relaxed models are the same within the computational accuracy of the method, as shown in Table II . This result is significant because models 2 and 5 have different starting Zr 4ϩ arrangements at the grain boundary, but the average difference between atomic coordinates along the boundary plane in the final relaxed models is only 2.7% for Zr 4ϩ cations and 3.2% for O 2Ϫ anions. Whereas this is not proof that the relaxed structure shown in Fig. 3 is the global minimum for stoichiometric models of the grain boundary, it is strong evidence that this is a low energy structure.
In the calculations, the positions of the two O 2Ϫ columns that are half filled to maintain a stoichiometric structure are examined. One set of models (2 and 5) considers vacancies in the oxygen column positions that are closely spaced (1.64 Å) in the unrelaxed grain-boundary model to reduce the anion repulsion. The second set of models (3 and 4) considers oxygen columns adjacent to the partially filled Zr 4ϩ columns to simulate possible interactions between the cation and anion vacancies. The calculations show that models 2 and 5 have the lowest energies, indicating that the vacancies prefer to reside in the closely spaced O 2Ϫ columns and not in the nearest neighbor sites to the cation vacancies.
All the unrelaxed grain-boundary energies are higher than the grain-boundary energies of Fisher and Matsubara, 44, 45 with the energies of models 2 and 5 showing the best agreement with their data. However, the grain-boundary energies of the relaxed model 2 and relaxed model 5 structures are significantly lower than that of Fisher and Matsubara. This difference is likely because of the fact that Fisher and Matsubara used an empirical potential that excludes self-consistent electronic effects available in ab initio calculations.
The distortion of the grain-boundary structure shown in Fig.  3 (from models 2 and 5) as it relaxes occurs mostly along the grain-boundary plane. The agreement with the experimental Z-contrast STEM image is good, as shown in Fig. 4 , as the relative Zr 4ϩ cation positions match the STEM image perfectly all along the boundary to within the accuracy of the experimental data. Overall, the calculations predict that the atoms along anions at the grain boundaries in model 2. In model 2, the largest displacements are made by cations in the half-filled Zr 4ϩ columns, which move 0.8 Å to a central position. Table III shows the free volume calculated for the five initial grain-boundary models. The free volume at the grain-boundary core is calculated by determining the volume within the grainboundary core and subtracting the combined volume of the individual ions within this space, using covalent radii values of 1.42 Å for Zr 4ϩ and 0.74 Å for O 2Ϫ . If the distance between the ions is Ͻ1.5 Å, this space is not counted as part of the free volume. The free volume at the grain boundary is larger than in the bulk material (86.5 Å 3 per unit cell for bulk ZrO 2 ). In addition, the free volume data indicate that the free volume at the grain-boundary core decreases after relaxation. This is because atoms along the boundary move into the free space within the grain-boundary core to eliminate the strain associated with the grain boundary, because the free volume is associated with the internal strain through the elastic constants. Thus, the potential energy decreases as the free volume decreases. It should be noted that the free volume data correlate with the grain-boundary energies. Except for model 1, the models that have lower grain-boundary energies have lower free volume at the boundaries. In the case of model 1, although it has the lowest free volume compared with the other models, it has more atoms at the grain boundaries. The grain-boundary energy of model 1 is the highest because of the two Zr 4ϩ columns that are too close to each other at the grain boundary. As will be discussed later, the free volume also has important consequences for grainboundary segregation.
(2) Y-Doped ⌺5 (310)/[001] ZrO 2 Grain Boundaries
The 2Ϫ vacancies needed to achieve electroneutrality. The justification for this is that we are interested in comparing relative substitution energies, and if we included the two Y 3ϩ dopants and a corresponding O 2Ϫ vacancy needed for charge neutrality, the defect concentrations would be excessively high relative to experimental conditions. Furthermore, local electroneutrality need not be, and usually is not, maintained at ionic grain boundaries. However, it is recognized that the calculated segregation and substitution energies would be quantitatively different in the presence of O 2Ϫ vacancies. The EELS data obtained for the experimental system 39 indicate that the concentration of Y 3ϩ along the grain boundaries is ϳ9 at.% higher than inside the bulk. In the lowest-energy relaxed structure shown in Fig. 3 , there are five possible substitution sites to be considered. Four sites reside along the boundary plane, whereas one is outside of the grain-boundary core in a more bulklike region of the unit cell. The positions of these substitution sites are indicated by the letters in Fig. 3 . The segregation energy is equal to the difference in energy between this bulk substitution energy and the grain-boundary substitution energy.
The results of the calculations are summarized in Table IV and indicate that the segregation energy is highest (almost zero) in the bulk-like site E and much lower for all the grain-boundary sites. This is indicative of Y 3ϩ grain-boundary segregation in YSZ. Within the boundary, site B has the lowest segregation energy relative to all other grain-boundary positions and is therefore the preferred segregation site. The reason for this is that the Y 3ϩ ionic radius is 18% larger than Zr 4ϩ , providing a driving force for segregation to sites with greater free volume to decrease the strain energy. Because site B has the highest free volume. it is most effective for reducing the strain and thus the total energy of the system. Therefore, these calculations agree with the published experimental results that report segregation of Y 3ϩ to ZrO 2 grain boundaries. 38 -43 Any possible space-charge induced segregation, however, would not be captured in the calculations.
The effect of Y 3ϩ doping on the grain-boundary structures is also considered. During relaxation of the Y 3ϩ -doped structures, the O 2Ϫ ions nearest the Y 3ϩ move the most in response to the substitution, and the average distances moved are listed in These results agree qualitatively with the trends reported by Steele and Fender. 7 However, the amount of movement is smaller Fig. 4 . Overlay of the lowest energy, relaxed grain-boundary structure shown in Fig. 3 ions. These results imply that when vacancies are introduced, the free volume of neighboring sites will also increase, thus stabilizing the doping of these neighboring sites. Stefanovich et al. 24 found that lattice distortion around vacancies is important to the stabilization of ZrO 2 by dopants. Thus, we conclude that including vacancies at the grain boundaries will increase the segregation of dopants to the grain boundary.
VI. Conclusions
In this paper density functional theory, using the local density approximation, is used to investigate the structure and energetics of the ⌺5(310)/[001] grain boundary. Five pure grain-boundary models are constructed and the most energetically favorable model determined. The lowest energy models are relaxed and the resulting structures are found to compare extremely well with experimental Z-contrast image data. The segregation energies at the grain boundaries after Y 3ϩ doping are also determined. The calculations indicate a preferred doping site that has the lowest segregation energy. Doping along the grain boundary is predicted to be preferred because there is more free volume there to accommodate the larger Y 3ϩ cations than is available in the bulk. 
